Ba 0.5 Sr 0.5 TiO 3 ͑BST͒ thin films grown on Si by an in situ ultraviolet-assisted pulsed laser deposition ͑UVPLD͒ technique exhibited significantly higher dielectric constant and refractive index values and lower leakage current densities than films grown by conventional PLD under similar conditions. X-ray photoelectron spectroscopy ͑XPS͒ investigations have shown that the surface layer of the grown films contained, besides the usual BST perovskite phase, an additional phase with Ba atoms in a different chemical state. PLD grown films always exhibited larger amounts of this phase, which was homogeneously mixed with the BST phase up to several nm depth, while UVPLD grown films exhibited a much thinner ͑ϳ1 nm͒ and continuous layer. The relative fraction of this phase was not correlated with the amount of C atoms present on the surface. Fourier transform infrared spectroscopy did not find any BaCO 3 contamination layer, which was believed to be related to this new phase. X-ray diffraction measurement showed that although PLD grown films contained less oxygen atoms, the lattice parameter was closer to the bulk value than that of UVPLD grown films. After 4 keV Ar ion sputtering for 6 min, XPS analysis revealed a small suboxide Ba peak for the PLD grown films. This finding indicates that the average Ba-O bonds are weaker in these films, likely due to the presence of oxygen vacancies. It is suggested here that this new Ba phase corresponds to a relaxed BST surface layer. © 2000 American Institute of Physics.
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Ba x Sr 1Ϫx TiO 3 ͑BST͒ is one of the most studied dielectric materials for capacitors due to its very high dielectric constant.
1,2 For high density integration applications or as a potential replacement of SiO 2 thin films in metal-oxidesemiconductor ͑MOS͒ capacitors it will be necessary to grow high quality thin films. Unfortunately, thin BST films always exhibit much lower dielectric constant values than those measured for the bulk because of the presence of fine grains, 3, 4 mechanical stresses, 2,5 formation of interfacial layers, 6 or rough interfaces. 7 The formation of the interfacial layer has been of particular concern for the growth of BST films directly on a Si substrate because at the high temperatures and oxygen pressures required during the deposition, Si can easily oxidize and/or react with the grown film. 6, 8 Pulsed laser deposition ͑PLD͒ is a technique that uses relatively low processing temperatures. It has been successfully applied for the growth of some of the highest quality BST films reported to date. 4, 5, 7, [9] [10] [11] We have shown that by using in situ ultraviolet-assisted PLD ͑UVPLD͒ a significant improvement of the films' properties with respect to those measured from conventional PLD grown films has been obtained. 11 Since oxygen was introduced 5 s after the beginning of the ablation process, the interface composition and structure should be similar, regardless of the technique used. To account for the observed improvement in electrical and optical properties, a detailed investigation of the outermost surface layers of BST films grown by conventional PLD and UVPLD was performed and the results are presented here.
Details regarding the PLD system, UV source, and deposition conditions ͑KrF laser, ϭ248 nm, fluence ϳ2 J/cm 2 , repetition rate 5 Hz, oxygen pressure 150 mTorr for UVPLD and 250 mTorr for PLD͒ are presented elsewhere. 11 The 184 nm radiation emitted by the UV lamp ͑6% of the output͒ dissociates molecular oxygen and forms ozone and atomic oxygen, which are known to enhance the oxygenation of the deposited films. 12, 13 It has also been shown that UV irradiation during deposition can improve the crystallinity of films grown under vacuum, without any oxygen. 14, 15 Moreover, the UV lamp was also used during cooling down from the deposition temperature to room temperature under 300 Torr of oxygen since UV-assisted oxygen anneals have also been shown to improve the properties of PLD grown films. 16, 17 The chemical composition and bonding were investigated by x-ray photoelectron spectroscopy ͑XPS, Perkin Elmer 5100͒ using Mg K␣ radiation ͑1253.6 eV͒ and takeoff angles of 45°and 20°. The residual pressure in the analysis chamber was lower than 5ϫ10 Ϫ9 Torr. Fourier transform infrared ͑FTIR͒ spectroscopy investigations were performed with a Nicolet instrument in transmission mode. The optical properties and thickness of the films were measured by a variable angle spectroscopic ellipsometer ͑VASE͒. The crystallinity was examined by x-ray diffraction ͑XRD͒. The capacitance-voltage (C -V) characteristics for MOS capacitors were measured at 100 KHz using a HP4275A LCR meter with a Hg probe (diameterϳ0.03 mm 2 ) . The values of the dielectric constants estimated for different thickness BST films deposited at various substrate temperatures are displayed in Fig. 1 [18] [19] [20] [21] [22] [23] The peaks at 795.7 and 780.5 eV and denoted Ba2, were initially thought to be caused by Ba atoms in a decomposed barium carbonate layer. [18] [19] [20] [21] Since the formation of a carbonate layer on the surface of UV-annealed hydroxyapatite films grown by PLD has been recently reported 17 this seemed quite likely to occur here as well. However, while FTIR analysis of hydroxyapatite films 17 clearly showed the presence of absorption bands around 1450 cm
Ϫ1
, due to CO 3 2Ϫ groups, no such bands were observed here, not even for samples grown at 450°C, as one can see in Fig. 3 . It is worth mentioning that FTIR has been recognized as one of the most sensitive techniques for surface carbonate layer identification 22 and that, according to XPS analysis, the surface of this sample, as one can see in Fig. 2 , mostly consisted of this new phase ͑57%͒.
While the relative fraction of the Ba2 peak decreased with the increase of the deposition temperature and the use of UV radiation, no such correlation was found for the C 1s peak. Due to charging during XPS investigations, the position of the peaks was shifted from their reference values. The C 1s binding energy cannot be used as a reference in our particular case as we do not know whether this signal was caused by adventitious hydrocarbon usually present on the surface even in ultrahigh vacuum conditions, or was caused by the formation of a chemical compound. Upon assigning the Ba1 peak a binding energy corresponding to stoichiometric BST, i.e., 779.0 eV, one obtains 529.6 and 285.0 eV for the O 1s peak and C 1s peaks, respectively. The binding energy for O 1s is well within the accepted range for BST compounds, [18] [19] [20] [21] [22] [23] [24] while that of C 1s is much closer to that of adsorbed hydrocarbon ͑284.6 eV in our XPS system͒, than that of ϳ288.6-289.5 eV usually measured for carbon in BaCO 3 .
18-21
Taken at a takeoff angle of 20°in order to enhance surface contribution, the spectra for the Ba 3d region for samples grown at 550°C are displayed in Fig. 4 . One can see that while for the PLD grown samples the ratio of Ba1 to Ba2 peak intensities remained almost constant, at around ϳ41%, it increased significantly for the UVPLD grown sample, from ϳ30% to ϳ44%. This suggests that the surface layer of PLD grown film consists of a rather homogeneous mixture of these two phases which extends more than 4.0 nm inside the sample depth, while it is only a very thin film ͑ϳ1 nm͒ uniformly covering the BST phase for the UVPLD grown sample.
After 6 min sputtering with 4.0 keV Ar ions, which removed accordingly to VASE measurements around 6.0 nm of material, only a very low C contamination was found on the surface, probably caused by the vacuum system itself. The XPS analysis showed that the Ti signal now evidenced the presence of a small contribution from a Ti 3ϩ state caused by loss of oxygen due to ion bombardment. 18, 24 The Ba 3d peak of the UVPLD grown sample showed only the presence of the BST phase ͑Ba1͒ as one can see in Fig. 5 , confirming previous results that Ar ion bombardment at such low energies is not inducing changes in Ba oxidation state for stoichiometric BST films. 18, 24 However, the Ba 3d peak collected from the PLD sample showed the presence of a lower oxidation state, as one can see in Fig. 5 , which suggests that for these films a fraction of the Ba-O bonds are somehow weaker, because of oxygen vacancies and residual defects. It is interesting to note that XRD investigations have shown that the lattice parameter of PLD grown films was around 3.96 nm, very close to the 3.95 nm value recorded from BST powder used to make the targets. The UVPLD grown film exhibited a significant higher value, of around 3.98 nm, which shows that these films are strained. XPS analysis indicated that PLD grown films have less oxygen atoms than UVPLD grown films, which should have resulted in films with a larger lattice parameter, 4, 5 quite the opposite of what was observed. A possible explanation could be that the BST film grown by PLD has relaxed near the surface region in a different phase, where Ba atoms are located in a different chemical environment than in perovskite BST.
In summary, we have shown that the surface layer of BST films grown by laser ablation exhibits two chemically different Ba containing phases. The newly formed phase is not a barium carbonate compound which could be etched away by an acid dip but a relaxed BST phase, probably caused by oxygen vacancies and residual defects. The presence of this phase affects the electrical and optical properties of the grown films, especially for very thin films, where its relative contribution is more important. The lower content of this phase in UVPLD grown films can explain their overall better optical and electrical properties. This can also explain previous results that have shown that either annealing treatments under oxygen 5, 9 or even under N 2 , 25 or a plasma etching of the surface 26 resulted in dramatic improvements of the electrical properties of BST films.
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